Hydrate-based CO2 capture (HBCC) technology, which is a promising alternative method to CO2 capture, has received increasing attention in recent decades as it has mild operating conditions and unique separation mechanism. This paper summarises several available methods on improving the separation performance of HBCC technology, mainly including chemical additives and improvement of capture process. The chemical additives are generally divided into two classes: thermodynamic promoters (THF, TBAB, TBAF, CP, C3H8) and kinetic promoters (SDS, DTAC). In addition to the common single stage process, the multistage process and hybrid conceptual process coupled with membrane separation are developed to obtain more concentrated CO2. Then the evaluation indicators of separation performance are introduced: CO2 recovery and separation factor. Moreover, the separation performance of CO2 capture from either post-combustion flue gas or pre-combustion fuel gas is discussed and the development direction in the future is highlighted as well.
Introduction
The fifth assessment report released by International Panel of Climate Change (IPCC) states that carbon dioxide (CO2) in the atmosphere has increased by 40% compared to before the industrial revolution [1] . The rising level of carbon dioxide is a major environmental concern as it is linked to global warming and climate change. The CO2 emission has been receiving worldwide attention and the main focus is on research of novel process for CO2 capture during the last decades.
Conventional CO2 capture includes absorption, adsorption, and membrane technologies, but they all have different disadvantages, e.g. high energy consumption, high investment cost, low in efficiency and damage to environment, etc [2] . Hence it is necessary to search for alternative methods in the area of CO2 capture. Hydrate-based CO2 capture (HBCC) technology is one of the novel methods that has received enormous attention for its mild operating conditions which is easier to regenerate and capable for CO2 [3] .
Power generation is one of the major sources of CO2 emission, which contributes about 41%. The components of gas mixtures from power plant are different depending on different plant configurations. Post-combustion CO2 capture separates CO2 from the flue gas at the downstream of fuel combustion, which consists of approximately 15-20% CO2 and 79-80% N2. In pre-combustion process such as integrated gasification combined cycles (IGCC), CO2 capture separates CO2 from the CO2/H2 syngas, which consists approximately 40% CO2 and 60% H2 [4] . Thus, the gas mixtures for separation in this paper are CO2/N2 and CO2/H2, regardless of the existence of small amount of SO2, H2S, CO and O2.
A significant number of researches have been reported, however, some early works mostly focused on phase equilibrium study, while recent works that focused on investigations of methods to enhance separation efficiency of CO2 capture. Few works on energy-efficient analysis of HBCC can be found. In this paper, we have summarized some available methods of improving the performance of HBCC technology, which includes chemical additives and improvement of capture process. Additionally, the separation performance on these two types of methods of CO2 capture from CO2/N2, CO2/H2 gas mixtures are estimated by using two typical parameters: CO2 recovery and separation factor. Furthermore, other approaches which can improve the CO2 formation efficiency are presented, including stirred tank reactors, fixed bed crystalliser, bubble tower and spray tower, etc.
Hydrate-based CO2 capture technology

Concept of HBCC
Gas hydrates are nonstoichiometric solid crystalline compound made up of cage-like water networks as host and small gas molecules trapped in the cages as guest, such as CH4, CO2, N2 and H2. The gas hydrates form under the favorable thermodynamic conditions of low temperature and high pressure, and the gas and water molecules connect to each other by weak van der Waals force. There are three most commonly formed structures of gas clathrate hydrate: structure I (sI), structure II (sII), structure H (sH), and the structure of CO2 hydrate is structure I (sI) due to its molecular diameter and chemical properties. As shown in Table 1 , CO2 has the lowest hydrate-forming pressure in comparison with other components usually mixed with CO2, which means CO2 is easier to form hydrate. Separating CO2 from the gas mixture can be achieved by forming a solid hydrate phase that is enriched with CO2. The CO2 hydrate can be later dissociated by depressurization and/or heating and consequently CO2 can be recovered. A schematic of the hydrated-based separation process for CO2 capture is shown in Fig. 1 . Comparing with other CO2 capture methods, HBCC process is free of contamination as water is the raw material and no pollutant is released. Besides, one volume of CO2 hydrate can hold as much as 160 volumes of CO2 which makes this method a potential way to store CO2 [5] . 
Chemical additives
HBCC technology is still at its early stage, some effective additives have been explored to improve the hydrate formation condition in order to reduce the formation pressure and accelerate the CO2 capture. The chemical additives are generally divided into two classes: thermodynamic promoters and kinetic promoters. Thermodynamic promoters are small molecules that take part in hydrate formation by competing with gas molecules for hydrate cages and the most significant impact is the drastic reduction of hydration pressure [4] . Kinetic promoters are mostly surfactants that increase the rate of hydrate formation by promoting gas solubility in water without modifying the thermodynamic equilibrium of the system. The commonly used additives in recent research are shown in Table 2 . The equilibrium pressure considerably reduced with a small amount of THF. However, the Raman spectroscopy results show that the H2 and CO2 molecules competitively occupy the S-cage while the THF molecules occupy L-cages, which limits the CO2 consumption [6] . TBAB is widely proposed as gas hydrate promoter, which consists mainly of environmentally friendly tetra-n-butyl ammonium (TBA + ) ionic liquids. Different from the other types of promoters, TBAB forms semi-clathrate hydrates and this characteristic may lead to the structure having more gas storage capacity. TBAF have the similar structure with TBAB because they are both quaternary ammonium salts with a fluoride or bromine anion respectively. TBAB and TBAF could accelerate hydrate formation and reduce the corresponding feed pressure at the same temperature, but TBAF has poorer environmental performance for its corrosivity. Unlike THF, the formation of CO2 hydrate in the presence of CP is independent of the concentration, which is likely due to the immiscibility of CP with water [4] . Like CP, C3H8 also promotes hydrate formation at reduced equilibrium pressure.
As kinetic promoters, SDS and DTAC can effectively improve the hydration kinetics by reducing the water surface tension, but they can't modify the thermodynamic equilibrium of the system. Some researchers have used surfactants together with thermodynamic promoters, like THF or TBAB, in order to reach higher CO2 separation efficiency through the synergistic effects of the two chemical promoters [7] .
Capture process
In addition to the common single stage process, multistage processes are advocated to obtain more concentrated CO2 mixture. And hybrid conceptual processes for pre and post-combustion capture based on hydrate formation coupled with membrane separation are presented, as shown in Fig. 2 [8] . Membrane separation is effective for the gas mixture of low CO2 concentration and also will reduce the cost of compression and the number of stage for capture in hydrate-based separation process. The major disadvantage of the above processes is the high pressure required specially in the first stage and the limited life-time and CO2 capacity of membrane. Therefore, another objective is to identify additives to lower the hydrate formation pressures without compromising significantly the separation efficiency. 
Performance evaluation on separation process
Performance indicator
CO2 recovery and separation factor are used to estimate separation efficiency of hydrate-based CO2 capture. The CO2 recovery of mixed gas in the hydrate phase is calculated as eq. (1) where n F CO2 is defined as the molar number of CO2 in the feed gas and n H CO2 is defined as the molar number of CO2 in the hydrate phase when the experiment is finished. It is used to illustrate CO2 capture rate of the process. The separation factor (S) is calculated as eq. (2) 
Evaluation method
High gas consumption does not always mean high CO2 consumption, since gases other than CO2 may also form hydrate at the same time. High separation efficiency is necessary for CO2 capture, which is governed by the two parameters. CO2 recovery and separation factor reflect the enrichment degree of CO2 and the CO2 selectivity of the hydration from the feed gas mixture respectively. Flow chart of the evaluation method is as shown in Fig. 3 and the parameters can be obtained by experiments directly or indirectly. At the end of the formation process, gas mixture is vented out from gas outlet port and n and C H M can be measured by using the same approach when the hydrate dissociates.
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Results
Data on hydrated-based separation for CO2 capture using chemical additives from flue gas (postcombustion capture) and fuel gas (pre-combustion capture) mixture are presented in Table 3 . From Table  3 , the usage of thermodynamic promoters leads to higher CO2 recovery fraction compared to that using pure water. However, the influence of chemical additives to separation factor of CO2 is complex and there is no obvious regularity. Besides, Some Kinetic promoters have been tried together with thermodynamic promoters and proved to be able to enhance CO2 recovery fraction than thermodynamic promoters alone. Porous structures, like silica gel and silica sand, were tested aiming at enhancing the gas/liquid contact and promoting the separation performance. In addition, the separation factor of CO2/H2 system is larger than that of CO2/N2 system, indicating that the CO2/H2 system have better selectivity for CO2.
One of the long-term main objectives of HBCC technology is focused on the development of chemical additives which can lead to higher recovery fraction and separation factor of CO2 optimally. To achieve that, more detailed investigations on different chemical additives should be carried out. Meanwhile, porous structures should be studied in parallel with chemical methods to achieve the ultimate performance of HBCC technology. Data on hydrated-based separation for CO2 capture using multistage process from flue gas (postcombustion capture) and fuel gas (pre-combustion capture) mixture are presented in Table 4 corresponding to Figure 2 . From Table 4 , the CO2 recovery fraction of second or third stage haven't changed much compared with the first stage. The major disadvantage of the conceptual processes is the high pressure required, especially in the first stage. This can be achieved by adding proper additives to reduce the hydrate formation pressure without compromising significantly the CO2 separation performance. 
Discussion
In addition to the chemical additives and improvement of the capture process, investigations of various mechanical approaches also have been carried out in order to improve the CO2 formation efficiency. Stirred tank reactors and fixed bed crystalliser with porous media have been widely studied to enhance the contact area between gas and water, allowing more gas to be enclathrated in a shorter time in laboratory scale [17] .Besides, a bubble tower and spray tower might be a suitable choice for the separation of gas mixtures. In order to increase hydrate formation rate, tiny bubbles were used to increase the specific gas/liquid interfacial area, increasing the fluid turbulence to peel off the hydrate shell and therefore keeping the gas bubble directly contact with liquid reactant [18] . It also has been experimentally demonstrated that simultaneously spraying water into the guest gas and recirculating the water enables the continuous formation of the hydrate [19] .
Conclusion
This article present an overview of the available methods of improving the HBCC technology in terms of separation performance, including chemical additives, improvement of capture process and some other mechanical approaches. The evaluation parameters of separation performance are introduced and the separation performance of CO2 capture from either CO2/N2 or CO2/H2 is discussed. Main conclusions can be drawn as the following: 1. In recent research, separation factor is mostly concentrated in the range of 0-20 and 0-100 for CO2/N2 mixture and CO2/H2 mixture respectively, indicating that the CO2/H2 system have better selectivity for CO2. 2. The usage of chemical additives can lead to a higher CO2 recovery fraction compared to that using pure water. Besides, high pressure is required in the conceptual multistage process, which can be achieved by adding proper additives to reduce the hydrate formation pressure. 3. Some mechanical approaches, such as stirred tank reactors, bubble tower and spray tower, are proposed should be used to achieve the ultimate performance of HBCC technology.
